Obesity continues to be a growing health concern in the United States, affecting multiple health outcomes in children, adolescents, and adults (1) . Increased health risks of obesity include multiple cardiovascular and metabolic disorders. Many of these risks are hypothesized to be mainly attributed to the build-up of visceral and organ (ectopic) fat (2) (3) (4) (5) . Therefore, the accurate, quantitative, and noninvasive assessment of adipose tissue depots and fatty infiltration in critical organs such as the liver and the pancreas remains a critical component in both obesity research and clinical management.
Magnetic resonance imaging (MRI) is well-suited for fat quantification (6) (7) (8) because it is noninvasive and provides sensitive mechanisms for differentiating fat from lean tissues based on T 1 relaxation and chemical-shift properties. Furthermore, it does not utilize ionizing radiation, has unlimited repeatability, and is safe for use in children. Magnetic resonance spectroscopy (MRS) is generally considered the clinical gold-standard noninvasive technique for in vivo fat and metabolite quantification. It is routinely used for measuring liver fat (9) (10) (11) , myocellular lipids (12) , tissue composition (13) , and brain metabolites. In 1984, Dixon described a twodimensional imaging approach that exploited the chemicalshift difference between protons in water and fat to separate the two moieties (14) . Over the past 25 years, Dixon's method has evolved significantly (15) (16) (17) , and recent advances in reconstruction algorithms have led to the development of a fat-water three-dimensional (3D) imaging technique called IDEAL (Iterative Decomposition with Echo Asymmetry and Least squares estimation) (18, 19) . IDEAL is particularly robust to resonance offsets (off-resonance due to magnetic field nonuniformity, a common system imperfection), and The ability to accurately and noninvasively quantify fatty infiltration in organs such as the liver and the pancreas remains a critical component in understanding the link between obesity and its comorbidities such as type 2 diabetes and fatty liver disease. Single-voxel ( 1 H) proton magnetic resonance spectroscopy (MRS) has long been regarded as the gold-standard noninvasive technique for such measurements. Recent advances in three-dimensional fatwater magnetic resonance imaging (MRI) methods have led to the development of rapid, robust, and quantitative approaches that can accurately characterize the proportion of fat and water content in underlying tissues across the full imaging volume, and hence entire organs of interest. One such technique is called IDEAL (Iterative Decomposition with Echo Asymmetry and Least squares estimation). This article prospectively compares three-dimensional (3D) IDEAL-MRI and single-voxel MRS in the assessment of hepatic (HFF) and pancreatic fat fraction (PFF) in 16 healthy subjects. MRS acquisitions took 3-4 min to complete whereas IDEAL acquisitions were completed in 20-s breathholds. In the liver, there was a strong correlation (slope = 0.90, r 2 = 0.95, P < 0.001) between IDEAL and MRS-based fat fractions. In the pancreas, a poorer agreement between IDEAL and MRS was observed (slope = 0.32, r 2 = 0.51, P < 0.02). The discrepancy of PFF is likely explained by MRS signal contamination from surrounding visceral fat, presumably during respiratory motion. We conclude that IDEAL is equally accurate in characterizing hepatic fat content as MRS, and is potentially better suited for fat quantification in smaller organs such as the pancreas.
articles Methods and techniques
produces separated fat and water images that are optimal in terms of signal-to-noise ratio (20) .
Both MRS and IDEAL utilize chemical-shift principles, where the resonant frequencies of protons of water and of the primary methylene groups (-CH 2 ) n -of triglyceride fatty acid chains are separated by ~3.4 p.p.m. This results in a net difference in resonant frequency that is dependent on the magnetic field. Whereas water is characterized by a single spectral peak, fat has several additional minor peaks, including methyl, olenific, and carboxyl groups, which all have slightly different chemical shifts with respect to water (21) . One major difference between MRS and IDEAL-MRI is that MRS is limited to a single voxel of interest (1-8 cm 3 ) per data acquisition. Although single-voxel MRS yields direct information about the presence and quantity of chemical species with high spectral resolution, it does not provide any spatial image information. In contrast, IDEAL is a 3D imaging technique. It provides very accurate measures of the proton ratio between fat and water in underlying tissues. In particular, multi-fat-peak T * 2 -IDEAL (22) yields an improved fat-to-water ratio by systematically accounting for transverse relaxation and intravoxel dephasing effects in the acquired MRI signal, scanner imperfections such as magnetic field nonuniformity, and the multiple spectral peaks of fat. The resulting ratio can then be used to quantify the relative amounts of fat in specific regions of interest, such as fat depots and organs, on a voxel-wise basis across the entire 3D imaging volume.
The purpose of this work is to prospectively evaluate and compare multi-fat-peak T * 2 -IDEAL against single-voxel proton MRS in the assessment of hepatic (HFFs) and pancreatic fat fractions (PFFs). We hypothesize that IDEAL and MRS fat fractions will correlate strongly in both the liver and the pancreas.
Furthermore, we will demonstrate that IDEAL has several advantages over MRS: it is able to provide high-resolution contiguous images of the abdomen in breath-hold durations; it is not limited by a single voxel of interest; its intrinsic 3D imaging capability allows whole organs and spatial variations in ectopic fat across any region of the imaged anatomy to be evaluated.
Methods and Procedures
All experiments were performed on a 3-Tesla whole-body human MRI scanner (Signa HDx; GE Healthcare, Waukesha, WI). Phantom experimental data were acquired with a single-channel transmit/receive head coil. Human data were acquired with an eight-channel receive-only abdominal torso array. An investigational version of the IDEAL software was installed on the scanner. The study was approved by the local institutional review board, followed all informed consent guidelines, and was Health Insurance Portability and Accountability Act-compliant.
3d IdeaL fat-water MrI
The IDEAL imaging and reconstruction method is the latest generalization of the Dixon technique (14) for separating water W and fat F components using chemical-shift MRI. We utilized T * 2 -IDEAL with fat spectrum modeling (22) , based on the signal model in Eq. (1), (1) where s(t) represents the signal acquired at time t in a given voxel, Δf i and a i are the chemical-shift spectral frequency and relative amplitude of the ith spectral peak of F relative to W, ψ describes the magnetic field inhomogeneity, j is the imaginary number (square root of −1), and T * 2 characterizes transverse relaxation and intravoxel dephasing of the signal. The unknown parameters (W, F, ψ, T * 2 ) are solved iteratively with six measurements of s(t) (22) . The resulting IDEAL fat fraction (FF) is computed from the separated water and fat signals (Eq. (2)) on a voxel-by-voxel basis. The accuracy of the fat fraction metric from multi-fat-peak T * 2 -IDEAL and other similar multi-echo fat quantification methods has been validated in several hepatic fat quantification studies (23) (24) (25) (26) .
single-voxel proton Mrs
In this work, the point-resolved spectroscopy method was utilized (27) . MRS data acquisition typically requires placement of a single large voxel (≈1-8 cm 3 ) in an anatomical region-of-interest. Postprocessing and quantification generally involves noise filtering, apodization, baseline, and phase correction, signal fitting of the peaks within the acquired spectra, and integration to find the area under each spectral peak of interest (e.g., water at 4.7 p.p.m., methylene fat at 1.3 p.p.m.). We used the Java-based MRUI software package (http://sermn02.uab.cat/mrui/) (28, 29) for spectral quantification. Subsequently, the MRS fat fraction is defined by Eq. (3).
Phantom validation
We first evaluated the accuracy of the FF IDEAL in a set of known standards. Homogeneous emulsions consisting of vegetable (corn) oil and distilled and un-doped water were prepared (Figure 1 ) in 60-ml bottles across 0-100% fat volume fractions, similar to the setup previously described by Bernard et al. (30) . Agar gel (2% by weight) and dioctyl sulfosuccinate sodium salt (Alfa Aesar, Ward Hill, MA) were used to stabilize the emulsions. The emulsions were prepared slowly over a heat-stir plate and subsequently cooled to allow the suspension to stay intact. A 3D multi-fat-peak T * 2 -IDEAL spoiled-gradient-echo pulse sequence was used with the following parameters, repetition time = 10 ms, echo times = (2.0, 2.4, 2.8, 3.2, 3.6, 4.0) ms, flip angle = 5°, receiver bandwidth = ±125 kHz, 2 mm in-plane spatial resolution (160 × 160 sampling matrix), eight 5-mm slices, and a single signal average. The bottles were placed in a bowl filled with additional water. Single voxel MRS was additionally performed on four emulsions (10, 30, 60 , and 80% fat) with scan parameters described in the following section.
In vivo experiments A cohort of 16 healthy and asymptomatic subjects was enrolled for the prospective in vivo study (7 men, 9 female, age range: 24-54 years). Each subject underwent an MRI examination that involved first a set of localizer images. This was followed by a single axial 3D IDEAL spoiledgradient-echo acquisition encompassing the right lobe of the liver. The imaging parameters were similar to those of the phantom study, except in-plane resolution varied between 2 and 2.75 mm, depending on body habitus, and 12 slices were acquired. A total of six echoes were acquired, using an echo spacing of 0.8 ms and with the first echo between 1.0 to 1.5 ms. The IDEAL scan required a 20-s breath-hold. In eight subjects, the pancreas was also included in the imaging volume and could be easily identified. Following IDEAL, the examination also included MRS acquisitions of the liver (n = 16) and the pancreas (n = 8). MRS parameters included: repetition time = 4 s, echo time = 23 ms, 2,048 data points, 2,500 Hz bandwidth, no water suppression, and eight signal averages. For the liver, a 20 × 20 × 20-mm 3 . Each MRS scan took ~3-4 min to complete, during which the subject breathed freely, and no respiratory gating was used. For demonstration purposes, we additionally performed IDEAL imaging across the whole abdomen in two participants. This involved a total of five 20-s breath-holds with an imaging volume that extended from the top of the liver to the iliac crest. data and statistical analysis IDEAL (FF IDEAL ) and MRS (FF MRS ) fat fractions were compared against true fat volume fractions in the phantom experiment using linear correlation. For in vivo studies, IDEAL results were correlated against MRS fat fractions. Specifically for each participant, the mean FF IDEAL within each organ closely matching the locations of the MRS voxels were compared against FF MRS . Regions were manually segmented based on the IDEAL fat fraction maps, and excluded vascular and nontissue structures. Linear correlation, Pearson's product-moment correlation coefficient (r), and Bland-Altman analyses were used to compare IDEAL and MRS in estimating HFFs and PFFs. For linear correlation, we tested whether the resultant slope was significantly different from zero using the t-test. For Bland-Altman plots, we tested whether the differences between IDEAL and MRS was statistically significantly from zero using the paired t-test. P < 0.05 was used to conclude statistical significance and 95% confidence intervals are provided for the in vivo experiments. Figure 3a . The 95% confidence interval for the slope was 0.82-0.98. The 95% confidence interval for the intercept was −1.10-3.25. Figure 3b illustrates the associated Bland-Altman plot, where the dashed lines represent the 95% confidence interval. The average difference between HFF MRS and HFF IDEAL was 0.38% (range: −4.1 to 2.9%). This was not significantly different from zero (95% confidence interval: −3.5 to 4.3, P < 0.4). Figure 3c,d summarizes PFF results. The strength of agreement between PFF MRS and PFF IDEAL was weaker, though the correlation was still statistically significant (slope = 0.32, intercept = 2.74%, r 2 = 0.51, P < 0.02). The 95% confidence interval for the slope spans a broad range from 0.10 to 0.53. The 95% confidence interval for the intercept was 0.97-4.50. In cases where MRS and IDEAL measurements differed, MRS showed a tendency to produce higher PFF values. Figure 3d illustrates the corresponding Bland-Altman plot. The average difference between PFF IDEAL and PFF MRS was 2.7% (range: −1.3 to 8%), and was very close to being statistically different from zero (95% confidence interval: −4 to 9.3, 0.05 < P < 0.1). Figure 4 illustrates a coronal reformation of the whole abdomen from one of the subjects. Axial IDEAL acquisitions were performed five times, each requiring a 20-s breath-hold. The imaging volume provided contiguous coverage from the top of the liver to the iliac crest. The abdominal fat fraction map clearly highlights subcutaneous, visceral, and mesenteric adipose tissue depots. Two exemplary native axial slices are shown, one at the level of the liver and the pancreas, and one at the level of the kidneys. Note the abundance of visceral adipose tissues surrounding the elongated pancreas. A line profile is drawn through the liver from the bottom of the organ (inferior) to the top (superior) in the coronal reformat. The line profile shows nonuniform fat fractions across the organ, providing an example of how IDEAL can potentially detect heterogeneous organ fat infiltrations with millimeter spatial resolution.
dIscussIon
We have demonstrated a strong potential for rapid breath-hold 3D multi-fat-peak T * 2 -IDEAL as a fat quantification tool, and propose the method as a valuable tool for obesity research. In phantoms, we have shown that the IDEAL fat fraction, a ratio that intrinsically represents the content of fat and water protons, also correlates strongly with the underlying fat volume fraction in a set of emulsion standards (Figure 1) . The robust relationship between the fat fraction metric and fat volume fraction has been verified by other investigators (31, 32) . In the in vivo experiments, excellent correlation was achieved between FF IDEAL and FF MRS in the liver (Figure 3) . In the measurement of PFF, only a moderate correlation was obtained between FF IDEAL and FF MRS .
In six out of the eight pancreas data points, MRS estimates were greater than the IDEAL fat fraction (Figure 3c) .
We attribute the poor correlation in the pancreas to two reasons. First, placement of an MRS voxel requires operator expertise, due to the small organ's elongated shape. Voxel prescription is performed on localizer images that are acquired after subject placement within the scanner bore. In our study, pancreas MRS was acquired several minutes after the localizers. During this period, slight motion of the subject could have caused a spatial mismatch between the prescribed voxel and the anatomy. Second, abdominal organs shift during respiration (33, 34) . In our experience, we have observed the pancreas to shift ~15 mm along the superior-inferior axis between inspiration and expiration due to diaphragm motion. Respiratory motion can therefore lead to erroneous fat signal contamination of the MRS spectra from the abundance of visceral fat surrounding the pancreas (Figure 4) . In contrast, a liver MRS voxel can be placed such that the voxel remains confidently within the organ throughout the respiratory cycle.
In a report by Tushuizen et al., the coefficient of variation from test-retest of pancreatic MRS was 15.2% in comparison to liver MRS (4.7%) (ref. 35) . The authors reported individual pancreas spectra on occasion exhibited dramatic increases in the fat signal, and attributed such observations to sudden deep breathing of the subject. We observed similar occurrences in this study. Although respiration can be monitored with a bellows transducer to synchronize MRS acquisition with the subject's breathing motion (36) , gating can further increase scan time, which may cause subject discomfort. It may also not be possible to use in subjects with a large body habitus.
Although the IDEAL algorithm employed in this work accounted for transverse relaxation and intravoxel dephasing (T 2 , T * 2 ) by acquiring six echoes, we did not perform similar T 2 corrections for MRS. Our MRS protocol used a single echo time of 23 ms. For T 2 correction, additional spectra at several other echo times would have been required at the expense of increasing scan time. Alternatively, MRS scan time can be reduced by using a single signal average. We utilized eight averages in this work to ensure adequate signal-to-noise ratio and minimal baseline variations in the acquired spectra. Nonetheless, with additional correction for T 2 , the correlation between IDEAL and MRS in the liver (Figure 3a) could have been even closer to identity. Recent work has also emphasized T 2 correction in computing accurate FF MRS (37) . In both IDEAL and MRS protocols used in this work, minimization of the longitudinal relaxation (T 1 -bias) was considered, and was achieved by using a 5° flip angle (31, 38) and a repetition time of 4 s (8,37), respectively.
IDEAL-MRI has several advantages over MRS. IDEAL can be easily performed within a breath-hold and does not require respiratory gating. It does not require a high-level of operator expertise in voxel prescription. The quantitative end point is a voxel-wise fat fraction map of the entire abdomen (Figure 4 ) that can potentially show heterogeneous distributions and spatial patterns of ectopic fat, along with 3D contiguous anatomical images of the fat and water components (Figure 2) . In this work, IDEAL image reconstruction and fat articles Methods and techniques fraction computation was performed online on the scanner host computer immediately after data acquisition, and took ~2-3 min. Subsequently, manual segmentation of the liver and the pancreas was performed on the fat fraction maps, and care was taken to avoid hepatic vessels and nontissue structures. The benefits and attractiveness of IDEAL in fat quantification have been recognized, and validation studies in several large patient cohorts have been recently reported (23) (24) (25) (26) .
The IDEAL approach described in this work has some limitations. First, in order to capture the entire abdomen, it requires multiple breath-holds, which may not be realizable in certain patient groups. Second, the reconstruction algorithm requires an accurate model of the fat spectra. In Eq. (1), IDEAL requires a prior knowledge of Δf i and a i values, and utilizes these to reconstruct images of water, fat, and the fat fraction map. In its current implementation, Δf i and a i values are determined based on subcutaneous adipose tissue (13, 22) . Potential inaccuracies in the fat fraction map may result if the lipid spectral profiles of triglycerides in organs are significantly different from that of subcutaneous adipose tissue. Nonetheless, accurate fat spectral modeling has recently been shown to be a very critical component of accurate fat fraction estimation (26) . Third, the signal model in Eq. (1) assumes a common T * 2 value for both water and fat components. To improve accuracy further, individual water and fat T * 2 relaxation terms should be adopted (39) , which will potentially require the acquisition of >6 echoes to solve the system of equations in Eq. (1) robustly.
In conclusion, 3D IDEAL-MRI is a rapid breath-hold technique that provides robust separation of fat-water signals and accurate estimation of fat fractions. Unlike single-voxel MRS, IDEAL provides greater spatial resolution and anatomical detail, is much less susceptible to respiratory motion effects, and facilitates assessment of fat content in smaller organs, such as the pancreas. IDEAL has the potential to replace gold-standard MRS for noninvasive fat quantification in both clinical and obesity research protocols. 
